Raman based gas sensing can be attractive in several industrial applications, due to its multi-gas sensing capabilities and its ability to detect O 2 and N 2 . In this article, we have built a Raman gas probe, based on low-cost components, which has shown an estimated detection limit of 0.5 % for 30 second measurements of N 2 and O 2 . While this detection limit is higher than that of commercially available equipment, our estimated component cost is approximately one tenth of the price of commercially available equipment. The use of a resonant Fabry-Pérot cavity increases the scattered signal, and hence the sensitivity, by a factor of 50. The cavity is kept in resonance using a piezo-actuated mirror and a photodiode in a feedback loop. The system described in this article was made with minimum-cost components to demonstrate the low-cost principle. However, it is possible to decrease the detection limit using a higher-powered (but still low-cost) laser and improving the collection optics. By applying these improvements, the detection limit and estimated measurement precision will be sufficient for e.g. the monitoring of input gases in combustion processes, such as e.g. (bio-)gas power plants. In these processes, knowledge about gas compositions with 0.1 % (absolute) precision can help regulate and optimize process conditions. The system has the potential to provide a low-cost, industrial Raman sensor that is optimized for specific gas-detection applications.
INTRODUCTION
Gas sensors find their use in many applications, ranging from health and safety, to process control and environmental monitoring. Several detection technologies exist, including electrochemical, semiconductor and infrared sensors. Electrochemical and semiconductor gas sensors are reasonably low-cost, but suffer from cross-sensitivity, which can be mitigated to some extent using sensor arrays [1] - [3] and limited lifetime or short calibration intervals. These sensors inherently provide no or limited information about multi-gas mixtures.
Optical spectroscopy is a valuable tool when it comes to the identification of gases and gas compositions. Infrared spectroscopy is the most commonly used, where the absorption or emission of specific wavelengths from a gas is measured. Spectroscopic gas sensors can be highly specific (i.e. low crosssensitivity) and e.g. Fourier Transform Infrared (FTIR) spectrometers can give quantitative information about complex gas mixtures [4] . Single gas detectors can be quite compact and low-cost [5, 6] .
Raman spectroscopy relies on the inelastic scattering of photons by molecules in the gas, whereby the energy shift of the photon identifies the scattering gas. Raman active transitions are, in general, different than IR active transitions [7] , e.g. O 2 , N 2 , H 2 and Cl 2 (all diatomic homonuclear gases) are invisible in IR spectroscopy, while they are visible in Raman spectroscopy. The ability to measure O 2 , N 2 and H 2 along with the multi-gas sensing capabilities of optical spectroscopy are desirable in several applications, for example fuel gas sensing for natural-or biogas power plants, where CH 4 , CO 2 , O 2 , N 2 and H 2 are relevant to monitor [8] . Other processes where CO, NO x , N 2 , O 2 need quantification or where the infrared spectrum is dominated by H 2 O absorption can also be relevant for Raman gas sensors since they are very weakly affected by water [9] . Further advantages of Raman gas sensors are that they can tolerate high gas concentrations and have a high dynamic range since they do not suffer from saturation effects [10] . The measurement volume can be very small in Raman spectroscopy [11] , allowing for miniaturized measurement cells or measurements in e.g. micro-reactors for e.g. combinatorial chemistry.
The main drawback of Raman spectroscopy is that the Raman scattering process is fairly weak, meaning that it is difficult to obtain acceptable sensitivity. As such, the majority of Raman based spectrometers are built for sensing in solids or liquids, where the higher material density increases the signal significantly. For these applications, hand-held Raman spectrometers are available [12] - [14] . For sensing of one specific chemical compound, Surface-Enhanced Raman Spectroscopy (SERS) can give greatly increased sensitivity for species adsorbed to a nano-structured surface [15] . For Raman gas sensing, a multitude of sensing techniques has been developed in order to overcome the challenge of weak signal strength. Non-linear techniques such as Photoacoustic Raman spectroscopy, Coherent Anti-stokes Raman spectroscopy and Stimulated Gain Raman Spectroscopy [16] , nonresonant multi-pass cavities [17] - [21] , capillary cells or hollow photonic crystal fibers [22, 23] , high-pressure cells [9, 24] , resonant Fabry-Pérot cavities (FP-cavities) using directly coupled cavities [25] , optical feedback [26] or intra-cavity designs [27] have all been demonstrated. While all of these approaches increase the probe laser intensity, their increased complexity leads to fairly high-cost Raman gas sensors.
The purpose of this paper is to describe a gas probe that combines the capabilities of multi-gas sensing through optical spectroscopy with the Raman capabilities of O 2 , N 2 and H 2 detection in a low-cost design. It is our belief that a significant reduction in price for Raman systems would enable entry into new application areas in gas detection. This paper describes a low-cost Raman gas probe that overcomes the problem of weak signal by using a resonant Fabry-Pérot cavity. High-cost components such as high-power lasers and highcost spectrometers are replaced with a simple, low-cost laser pointer and a low-cost spectrometer. Even filter-based point sensors for specific gases can be envisioned, reducing the costs even further. The set-up, which comprises standard optical components, is used to demonstrate the potential for a lowcost Raman system for gas detection. The detection limit for the set-up is estimated at 0.5 % for 30 second measurements of N 2 and O 2 .
THEORY OF FP-CAVITIES
Rearranging equations in [28] , the theoretical gain of the cavity in resonance, G, is given by the expression
Where T 1 and T 2 are the transmittivities of the in-and outcoupling mirrors, and A is the round-trip loss. This expression is maximized for T 1 = T 2 + A, i.e. the incoupling matches the round-trip losses including out-coupling, and T 2 and A as small as possible. The finesse of the cavity is found by monitoring the cavity transmission as the length of the cavity is swept through one free spectral range. The round-trip loss, A, can then be estimated through the expression
where the transmittivities can be measured. The total gain, G tot , was estimated by measuring the transmitted power from the cavity, P trans by using the relation
Where P laser is the power of the probe laser, and P cavity is the power circulating in the cavity. η coupl is the ratio between the measured gain and the gain expected from Eq. (1).
EXPERIMENTAL SET-UP
The experimental setup is shown in Figure 1 . A simple frequency-doubled YAG laser pointer with 50 mW output power was used as a probe laser. The mode field of the laser was matched to that of the cavity using a focusing lens. The Fabry-Pérot cavity comprises two highly reflecting mirrors. One of the cavity mirrors is mounted on piezo-actuators. A photodiode measures the cavity transmission, and a microcontroller-based feedback loop seeks to maximize transmission and thereby the gain in the cavity. The photodiode is placed at the output of the cavity. The λ/4 plate and the beam splitter serve as an optical isolator, blocking the specularly reflected light from re-entering the probe laser. The readout of the Raman signal was done by placing an optical fiber directly adjacent to the laser beam in the cavity. A fiber coupled spectrometer that rejected the probe wavelength recorded the Raman signal. The spectrometer is an OceanOptics USB2000+ spectrometer with a silicon detector, a 50 µm wide input slit and a spectral resolution of 1.4 nm.
The electronic feedback-loop for the cavity length adjustment works as follows:
• Firstly, a complete (approx. 10 V) voltage scan is performed. The voltage with the maximum transmitted intensity is recorded.
• After the complete scan, subsequent scans are performed in a smaller voltage range around a transmission peak.
• Finally, the feedback-loop is activated, wherein the voltage is increased or decreased in small steps, moving in the direction of higher transmitted light intensity.
RESULTS
An outcoupling mirror with transmission of 0.04 % and an incoupling mirror transmission of 1 % were used. Sweeping the voltage over the piezo actuator (Figure 2 ), F and G tot can be measured from the width (FWHM) and height of the peak and the distance between the peaks (free spectral range, FSR). Using Eq. (2) and a measured finesse of approx. 400, we estimate A = 6E-3, i.e. a scattering loss of 3E-3 at each mirror assuming equal loss in the two mirrors. Using this value for A in Eq. (1) it is expected that G cavity = 150. Measurements show G tot = 50, and hence, a coupling efficiency of around 1/3 is estimated. Reasons for this loss could be mismatch between the laser and cavity modes due to differences in position of beam waist, waist diameter or beam angle [29] . With 50 mW input power, this means that there is 2.5 W of optical power circulating in the cavity. As the Raman signal is directly proportional to the optical power, the Raman signal is also increased by a factor of 50.
Currently, the control algorithm for cavity length adjustment loses track of the transmission peak from time to time. The reason for this is still unknown, but may be related to unstable laser modes or hysteresis in the piezo actuators. It is estimated that the time-averaged transmission is around half of the peak transmission seen in Figure 2 .
As a gas cell has yet to be constructed, measurements have only been performed on lab air. The results are shown in Figure 3 . Two Raman spectra are shown in black and green, and the expected position of the Stokes lines of nitrogen and oxygen are marked in red and blue respectively. The black spectrum is obtained in 30 seconds. The green spectrum is obtained in only 4 seconds, indicating the potential for fairly quick measurements with lower precision. In order to properly calculate the precision and accuracy of the gas probe, calibration should be performed in a gas cell using several different known gas concentrations. Such a gas cell has not been available for this work; however, we can use the signal to noise ratio and the atmospheric concentration of O 2 and N 2 in order to estimate a detection limit of around 0.5 % for O 2 and N 2 . As the strength of the Raman scattered signal is proportional to the Raman scattering cross-section, the detection limits of different gases will be different than the detection limits of O 2 and N 2 . A non-exhaustive list of Raman scattering crosssections is given in [9] , indicating that the Raman scattering cross-section can be a factor 10 higher or lower than that of N 2 and O 2 (having similar Raman scattering cross-sections). One commercially-available, high-cost Raman gas probe is able to detect N 2 at ambient pressure with concentration on the order of 50 ppm with 1 second measurement time, i.e. a factor 100 lower detection limit.
DISCUSSION
While the current setup has demonstrated the ability to measure O 2 and N 2 with an estimated detection limit of 0.5 % for 30 seconds measurement time, significant improvements of the current detection limit can be obtained primarily by increasing light coupling to the spectrometer and by increasing the laser power. Laser pointers with 500 mW power (i.e. a power increase of a factor 10) are readily available at a cost of 500 USD and less (e.g. the LZCR532-500 from Lazerer at 299 USD). Using a fiber bundle to collect the Raman scattered light and to deliver that light through the input slit of the spectrometer would realistically improve light collection with a factor 10. These improvements would reduce the detection limit by a factor of 100 while keeping the system costs down. Such an improvement would bring the detection limit of this system down towards that of commercially available high-cost Raman gas sensors. A 500 mW laser pointer and a gain factor of 50 would result in a circulating power of 25 W in the FP-cavity. Reaching the same Raman scattered signal without the FP-cavity would require a 25 W laser. Lasers of such high power are still very costly. As such, the FP-cavity provides a means of using low-cost, low-power laser sources.
The current setup demonstrates the potential for a low-cost Raman spectrometer. In [15] , a cost estimate for a Raman probe for liquids is given, where the laser and high cost spectrometers are emphasized as the main cost drivers. It is argued that with the use of a low-cost laser and spectrometer, the cost of a Raman system may be reduced from around 100 000 USD to below 4000 USD. In addition to the components described in [15] , the gas probe described in this work requires an actively adjusted gas cell with a feedback loop because of its application in gas-sensing. The estimated total component cost of this system is still below 12 500 USD.
The absolute precision of a spectrometer is given by a sum of the readout noise of the spectrometer and the shot-noise (photon noise) arising from the photon statistics. As such, the absolute precision will decrease, while the relative precision will increase with increasing gas concentration. In the configuration described in this article, the readout noise dominates for low gas concentrations, and amounts to around 0.5 % (absolute). This is stated as the detection limit, for a signal to noise ratio of 1. For 100 % gas concentration, the noise is dominated by shot-noise, and is estimated to around 1.2 % (absolute). With a factor 100 stronger signal as outlined in the beginning of this chapter, the detection limit will decrease by a factor 100 to around 50 ppm (absolute), while the precision at 100 % gas concentration will increase by a factor 10 (as the shot-noise equals the square root of the signal), giving an uncertainty of around 0.1 % (absolute). Other gases will have different Raman scattering cross-sections, and the noise will scale accordingly.
The overall probe laser gain, G tot , was estimated to around 50. As such, our system provides a gain factor similar to that obtained in non-resonant multi-pass cavities [17] - [21] . Significantly higher G cavity can be obtained using super-polished mirrors with high reflectivity. However, such mirrors would soon become contaminated in a real measurement situation, rapidly deteriorating G cavity . As such, the extra cost of such mirrors cannot be justified in this application. The optical feedback is sensitive to vibrations and frequency shifts in the laser. The stability of this feedback could be improved e.g. by applying mechanically biased piezo-actuators in order to improve response time and decrease hysteresis in the piezoactuators. Fluorescence can be a problem when doing liquid and solid state Raman analysis, as the fluorescence signal can are both fiber coupled. The cavity end mirror has been replaced by a piezoelectric silicon micro mirror, and the probe light is delivered to the gas cell by an optical fiber.
The length of the cavity, L, can be as small as a couple of millimeters, depending on the application.
be much stronger than the Raman signal. For gas-phase Raman analysis, only very few compounds, such as ketones, fluoresce. These are normally excited using UV wavelengths [30] , and are as such not expected to be an issue with the current 532 nm excitation wavelength.
An industrial prototype of this gas probe could be envisioned as shown in Figure 4 . The use of a piezo-actuated micro mirror [31, 32] as the cavity end mirror could enable miniaturization of the cavity. In the figure, the length of the cavity, L, can be as small as a couple of millimeters or as large as several centimeters, depending on the application. Fiber coupling of all components increase robustness and simplifies design. The FP-cavity is drawn inside of the gas cell. As seen from Eq. (1), any cavity loss would reduce G cavity . The windows of a gas cell would introduce such losses. Preliminary experiments inserting anti-reflection coated glass windows into the cavity reduced G cavity by a factor of two. As such, it is more desirable to put the FP-cavity inside of the gas cell, or to use the end mirrors of the FP-cavity as the windows to the gas cell.
Concrete applications for this gas-probe would be processes where %-range concentrations of multiple gases should be measured in real-time. In combustion processes, gas composition monitoring is important, both for emission control, and for process regulation and optimization. As such, the monitoring of the main fuel gas species CH 4 , CO 2 , O 2 , N 2 and H 2 or flue gas species CO 2 , H 2 O, O 2 and N 2 is relevant. Relevant detection limits in this process could be on the order of 0.1 % [33, 34] . New "green" technologies can be demanding in terms of varying gas concentrations in the input gas. Some examples are: biogas power plants, where the composition of the bio-gas can be varying over time [35] and oxy-fuel combustion power plants for carbon capture and sequestration (CCS) applications, where combustion air is replaced by oxygen and recirculation of part of the flue gas must be real-time controlled [36] . In both of these processes, real-time monitoring of the composition of the input gases can help optimizing the combustion process. Again, detection limits in the 0.1 % range would be suitable. The Raman gas probe described herein, combined with a higher power low-cost laser, would provide suitable precision for such applications.
CONCLUSIONS
A Raman gas probe, based on low-cost components, has been successfully demonstrated. Our current detection limit is estimated to 0.5 % for 30 second measurements of N 2 and O 2 .
While the achieved detection limit is higher than that of commercially available equipment, the use of higher powered low-cost lasers, along with improved collection of the Raman scattered signal would reduce the detection limit towards that of commercially available equipment, while still keeping component costs at around a tenth of the price of commercially available equipment. Such a system would open up for the possibility of low-cost Raman gas-sensing. A relevant application segment for the Raman gas probe could be combustion processes, where detection precision on the order of 0.1 % (absolute) in multi-gas measurements would be relevant for process monitoring and control.
